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Abstract—To study charge trapping kinetics of oxide and
interface defects, BTI and RTN measurements are typically performed. However, characterizing and investigating a statistically
meaningful set of single defects is time consuming and inefficient
at the single device level. To mitigate this, here we employ
integrated arrays of nano-scale devices and characterize several
thousands of single devices on a custom-made chip. We extract
defect statistics from the threshold voltage shifts arising from
single defects in individual transistors using the defect-centric
approach. Finally, we also perform TCAD simulations to replicate
the measurements and verify the array measurement scheme.
Index Terms—Bias temperature instability (BTI), random
telegraph noise (RTN), single defects, array chip, defect centric,
non-radiative multi phonon (NMP) model, technology computer
aided design (TCAD)
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I. I NTRODUCTION
With the continued scaling of MOS transistors the influence
of single defects on device performance has increased [1].
These defects, located in the gate oxide or at the interface
between the bulk material and the gate dielectric, are the
root cause of multiple effects negatively impacting the stable
operation of MOSFETs. As a consequence, proper characterization of single defect behavior is crucial for understanding
the reliability of modern devices [2]–[4]. In this work we
focus on the characterization of bias temperature instabilities
(BTI) [5] and random telegraph noise (RTN) [6]. On small
devices these effects are often studied at a single defect level,
which enables precise monitoring of the charge transition
kinetics. However, given its time-consuming nature, only
a limited number of defects can be assessed. In order to
draw conclusions from a statistically meaningful dataset we
carefully analyze distributions in ∆Vth from measurements
performed on more than 3000 individual devices. From our
experiments we extract the average ∆Vth caused by single
defects as well as and the average number of active defects
in each device, by explaining the measured distributions with
theoretical distributions using the defect centric approach [7],
[8]. This approach allows to extract parameters of single
defects as obtained from measurements on nano-scale devices,
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Figure 1. Layout of the signal lines of the array used for the defect
characterization. The gate terminals of the transistors in each row can be
switched between externally supplied on- or off-biases using on-chip logic.
Likewise, the drain terminals can be switched for each transistor column. This
allows to address and thus characterize each individual device in the array.
The bulk and source terminals are common for all devices. More details about
the array structures can be found in [9].

while at the same time a large number of defects can be studied
to achieve meaningful statistics, which typically requires large
area devices, albeit in an averaging manner.
II. D EVICES AND M EASUREMENTS
The devices under test (DUTs) are HKMG (High-k metal
gate) planar pMOSFETs with W = 100 nm and L = 30 nm
(short devices) and L = 150 nm (long devices). The pMOSFETs are organized in an array structure [9] providing over
3000 individually addressable devices per geometry. The gate
and drain connections form the rows and columns of the array
and can be switched electrically by double transmission gates
controlled by on-chip logic, as shown in Figure 1.
Devices which are not selected are supplied with a gate
off-bias of 0.15 V and a drain off-bias of 0.0 V to reduce their
cumulative leakage currents. All measurements are performed
sequentially by a custom built defect probing instrument,
which also controls the device selection.

Figure 2. ID (VG ) curves of all long devices recorded prior to stress, used
to map the recorded drain currents to ∆Vth . The white line represents
the mean value of ID , while the red line depicts the variance among the
recorded curves. The dashed line shows the targeted relaxation current (ID,r ).
Relaxation measurements were recorded at constant voltages corresponding
to this current.

Figure 3. Recorded drain current data from 3066 devices mapped to ∆Vth
for an exemplary set of measurements. Momentary distributions of ∆Vth are
drawn from the set at specific points in relaxation time, as indicated by the
vertical lines, to extract defect parameters. The red line depicts the variance
and the white line the average among the recorded traces.

In total, 39 sets of stress-recovery measurements are performed at different gate, drain and bulk biases. Each set
is repeated for five stress times ts = {2, 10, 100, 1000,
10000}ms, with a relaxation time of tr = 1 s. The relaxation
traces are recorded with 200 samples per decade in time and
with the first sample taken at tr = 100 µs after stress. All
measurements are performed slightly above room temperature
at 35 ◦C.
Prior to each stress phase, ID (VG ) curves are recorded for
each device, as shown for one set of measurements in Figure 2.
It should be noted that characterization of the off-currents is
not directly possible in these structures, as all off-currents of
devices in the column with active drain contacts contribute
to the measurement. This, however, does not preclude defect
characterization as the relaxation currents of the DUTs are
measured in the sub-threshold regime at a relaxation voltage
around VG = −0.5 V (set to correspond to −10−7 A in the
virgin ID (VG )), where the currents significantly exceed the
leakage currents and the extracted ∆Vth is not affected.
After each measurement sequence, the drain currents
recorded during the relaxation phase are mapped to ∆Vth
employing the respective virgin ID (VG ), see Figure 3. The
sets of recorded ∆Vth curves then provide the distribution
of ∆Vth at any moment in relaxation time. Although the
average drift of ∆Vth is similar compared to large area
counterparts, a significant device-to-device variability can be
observed for scaled devices. As can be seen from the recovery
traces shown in the figure, the data recorded exhibit visible
noise, which would be challenging if individual traces were
to be characterized for RTN. Additional effort might have to
be spent on shielding and external noise reduction to make
individual characterization possible, which is not required for
the statistical characterization performed here.
To evaluate a possible fabrication related inhomogeneity

of device performance, the distribution of ∆Vth over the
transistor array after 10 s of stress at −1.45 V is given in
Figure 4a. In Figure 4b, the same data is averaged over slices
of the array to visualize spatial variation in device performance
over the array area. It can be seen that the degradation among
the devices is homogeneous over the entire area, and no
formation of clusters indicating unusual device behavior can
be observed.

Figure 4. (top): ∆Vth extracted after tr = 1 ms shown for all short devices
as aligned on the chip, measured after 10 s stress at −1.45 V. (bottom):
Average ∆Vth (in mV) calculated over slices of the array. The plots indicate
that device degradation is homogeneous over the array area.

noise and can be obtained by convolving their individual PDFs
(p) [10], [11]:
p(∆Vth ) = pDischarge (∆Vth |N, η)

(3)

∗ pRTN (∆Vth |NRTN , η)
∗ pNoise (∆Vth |m, σ)

Figure 5. CDFs (points) of ∆Vth at a number of points in time during
relaxation, for all long devices, after 10 ms of stress at −1.45 V, with fitted
theoretical distributions (lines). The shapes of the recorded data agree well
with the theoretical CDFs.

III. D EFECT C HARACTERIZATION
Cumulative density functions (CDFs) of ∆Vth extracted
from the relaxation measurements can be seen in Figure 5. To
explain the shape of these distributions, one has to consider
the drift of the threshold voltage of a single device, which
is modeled as the sum of three individual contributions [10],
[11]:
•

•

•

Positive shifts of (-)∆Vth due to BTI defects which
captured a charge during stress but have not yet emitted
it
Positive and negative shifts due to RTN-active defects,
which captured or emitted between the initial ID (VG ) and
the point in relaxation time which is evaluated
Normally distributed shifts due to Gaussian noise on the
recorded data

Each of these contributions can be described statistically, and
the total ∆Vth distribution, as obtained from the measurement,
follows from the convolution of the individual contributions.
Assuming BTI as the dominant effect, a simple analytical
method to extract the contribution can be used to obtain the
expected number of defects N and average step height η from
the moments of the distribution [7], [8]:
h∆Vth i
η
σ2
η=
2 h∆Vth i

N=

(1)
(2)

In this work, however, we aim to characterize both BTI and
RTN. For this, we fitted the total theoretical CDF to the CDF
obtained from the measured data.
As outlined above, the PDF of ∆Vth (p(∆Vth )) consists
of contributions due to BTI, RTN and Gaussian measurement

The PDF due to BTI results from a Poisson distributed
number of independent defects per device, each with an
exponentially distributed effect on ∆Vth . Mathematically, this
can be described with a sum of Poisson-weighted Gamma
distributions (γ), with the expected number of active defects
(N ) and their average effect on ∆Vth (η) as parameters. PN
is the Poisson distribution with mean N .
∞
X
pDischarge (∆Vth |N, η) =
PN (k)γ(k, ∆Vth /η) (4)
k=0

RTN, generally thought to be caused by the same kind
of defects which are responsible for BTI [12], is described
similarly. The average effect on ∆Vth is the same as for BTI,
while the differences are the number of RTN active defects
(NRTN ) and the fact that RTN can cause both positive and
negative contributions to the measured ∆Vth .
pRTN (∆Vth |NRTN , η) =
∗

∞
X

k=0
∞
X

PNRTN /2 (k)γ(k, +∆Vth /η)
PNRTN /2 (k)γ(k, −∆Vth /η)

k=0

(5)

Finally, measurement noise (and drift if necessary) can be
described by a normal distribution with its mean and variance
parameters.
pNoise (∆Vth |m, σ) = N (m, σ 2 )

(6)

To obtain the CDF either the PDF or any of the components
of the convolution may be integrated. This finally allows for an
extraction of the parameters describing the CDF, the average
number of defects exhibiting BTI and RTN (N , NRTN ), the
average step height (η) and Gaussian noise parameters (m, σ),
from the experimental CDFs of ∆Vth .
IV. R ESULTS
An overview of the extracted defect parameters for a relaxation time of 100 ms from our measurements performed on the
short devices is shown in Figure 6. It can be seen that both
the step height and the RTN activity is largely independent of
the measurement conditions.
In contrast, the average number of defects exhibiting BTI
activity strongly depends on the stress time and bias conditions. Measurement sets C, D, E, and J with VG = −1.3 V
and VD = 0.0 V, −0.15 V, −0.25 V and −0.45 V indicate
that the number of defects charged during stress is largely
independent of the drain bias. The measurement data further
indicate that the influence of both gate and bulk bias have a
similar effect on degradation, as can be observed for example

Figure 7. Average number of charged defects (N) measured on the short
devices and extracted at tr = 2 ms after stress release, over stress time and gate
bias. Crosses indicate the stress conditions at which sets of measurements are
performed and the colors indicate regions with similar degradation, separated
by contour lines. Both stress time and absolute gate bias increases the average
number of charged defects. For combinations of low gate bias and stress time,
values far below unity are observed, indicating that in most of the devices no
defect captured at these conditions.

E = E1 + c1 (q − q1 )2
R12 =

Figure 6. Overview of the extraction results for all measurement sets
performed on the short devices, at a relaxation time of 0.1 s. The extracted
average step heights (η, ≈3 mV) and the average number of RTN active
defects (NRTN , ≈4e-2) are largely independent of the bias conditions applied
during stress (VG , VD , VB ).
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in L (VG = −1.3 V, VB = −0.3 V) and P (VG = −1.0 V).
Measurement sets Q, R and S were performed at very low
VGB and did not result in any meaningful degradation, which
is why no proper fits could be obtained for them.
The gate bias dependence of the number of charged defects
is shown in detail in Figure 7 for a recovery time of 2 ms
– shortly after stress release. It should be noted that N is
often below one in the results shown, indicating that many
of the devices do not contain defects which capture at these
measurement conditions.
To verify the array measurement scheme, numerical physics
based device simulations are performed. For this we use the
open-source compact physical simulator Comphy [13], which
models the charge trapping kinetics of single defects using the
non-radiative multi phonon (NMP) model, see Figure 8.
In the two-state NMP model used for the simulations,
defects are modeled using a Markov chain with a charged
and an uncharged state. The transition rates from one of the
states to the other are calculated from the number of available
start and end states for the carrier, a WKB tunneling factor,
and an factor accounting for the energy barrier necessary to
be overcome to change the defect configuration. This energy
barrier is calculated by determining the intersection point
between two potential energy surfaces for the charged and
discharged state of the defect. The potential energy surfaces
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Figure 8. Potential energy surfaces for the two-state NMP model used in the
simulations. For the defect to capture a charge, the carrier has to tunnel from
the oxide to the defect, while at the same time the defect has to be excited
by phonons to overcome a barrier (defined by R12 , S12 , E1 , E2 ) between
the two defect configurations. The energetic offset between the two parabolas
changes with the applied gate bias as the alignment between the band and the
defect energy levels changes.

are approximated as parabolic in this model and described
using their curvatures [14]. The gate bias dependence as seen
in the measurements is captured in this model by the relative
shift the potential energy surfaces experience as the effective
energy of the defect in the oxide changes relative to the
channel carrier energy when the gate bias is changed. Using
the obtained transition rates, the simulator then calculates
the occupation for each simulated defect. Finally, from the
occupations the threshold voltage shift can be calculated using
the charge sheet approximation.
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